INTRODUCTION
Communication between cortical areas is important for brain functions. Local circuitries in separated regions are interconnected by axons extending from one region to another, which enables the whole brain to function coordinately. Axons connecting distant regions reside in white matter and are structurally organized by bundling into fascicles known as cerebral tracts. Studies of brain anatomy and connectome revealed that a major portion of the axons in cerebral tracts connect two cerebral regions reciprocally (Swanson et al., 2017; Zingg et al., 2014) . Cerebral tracts connecting different areas within a hemisphere are called association tracts. Through association tracts, various regions are reciprocally interconnected within a cerebral hemisphere. For example, Wernicke and Broca areas, both of which are associated with language processing, are connected mutually through an association tract called arcuate fasciculus (Bernal and Ardila, 2009; Pujol et al., 2000) . Lesion of arcuate fasciculus results in a language disorder known as conduction aphasia. On the other hand, cerebral tracts connecting two cerebral hemispheres are called commissural tracts. Corpus callosum is a commissural tract connecting two hemispheres reciprocally and is the largest axon fascicle in a human brain. Disruption of corpus callosum development causes a disorder known as agenesis of corpus callosum that is associated with diverse symptoms including intellectual disability and cognitive and social deficits (Paul et al., 2007) . Despite the anatomical and functional significance of cerebral tracts, still little is known about the mechanisms underlying their formation and organization, largely due to the lack of an in vitro model system. Increasing knowledge in brain structures and functions highlights the importance of macro-scale networks and connections between brain regions (Yeh et al., 2018) , but few attempts were made to model such large circuitry in vitro.
In this article, we report the generation of a model tissue mimicking a cerebral tract. We established a culture of two spheroids with an interconnecting fascicle of axons from human induced pluripotent stem (iPS) cells. We used a tissue culture microdevice equipped with a narrow channel with two chambers at its ends. Two cerebral spheroids were placed into the chambers, and they grew axons reciprocally into the channel. The axons spontaneously formed a robust fascicle, and the two spheroids became connected as one continuous tissue through an axon fascicle. Axons assembled into fascicle significantly faster when two spheroids extended axons reciprocally than when one spheroid extended axons unidirectionally.
Importantly, the two spheroids were electrically connected and coupled through the axon fascicle with distinct response kinetics. The cerebral tract model tissue should provide a promising platform to study the mechanisms underlying cerebral tract development and related diseases.
RESULTS

Generation of a Cerebral Tract Model Tissue
To generate a tissue mimicking a cerebral tract connecting two cortical regions, we provided neurons with a physical environment that facilitates interaction between axons in a narrow channel ( Figures 1A and 1B) . We differentiated human iPS cells into neurons in three-dimensional spheroids and cultured in the microdevice further to form the tissue ( Figure 1C ). In the microdevice, the spheroids extend axons into the channel and thereby form a fascicle through interactions between axons ( Figure 1D ).
We first formed spheroids from human iPS cells with low-adhesive culture vessel and differentiated them into cerebral neurons for 25 days. We confirmed neural differentiation by RT-PCR (Figure 2A ). Pluripotent stem cell marker OCT3/4 was decreased, and neural stem cell marker PAX6 and axonal marker L1CAM were increased correspondingly during the differentiation procedure. The expressions of neuronal subtype markers TBR1 and CTIP2 were also increased during the differentiation (Figure 2A ). With immunohistochemical analyses, we confirmed that cells in the spheroids were stained with immature neuron marker DCX and neural stem cell marker PAX6 antibodies at day 18 ( Figure 2B ). We also confirmed that forebrain neural lineage marker FOXG1-positive and Tuj1 (neuron-specific class III beta Tubulin)-positive cells were abundant in the spheroids at day 25 ( Figure 2C ).
After differentiation, spheroids were transferred into a custom-made culture device. At first, spheroids extended axons within the chambers. After around 10 days of culture in the microdevice (around 35 days total), axons from two spheroids reach the middle of the microchannel ( Figure 2D ). Around 25 days of culture in a microdevice (around 50 days total), the axons reach the spheroids in opposite side and form a single and straight fascicle within the microchannel ( Figure 2E ). Sparse labeling of neurons by electroporation with GFP expression plasmid revealed that axons extended from one spheroid reach the spheroid on the other side ( Figure S1A ). The resultant structure consists of two mutually connected parts: an axon fascicle and spheroids of neurons, which we refer to as the cerebral tract model tissue. When spheroids were placed on a culture surface without our culture device, the spheroids failed to form a single fascicle of axons between them, and instead, extended axons in all directions ( Figures S1B and S1C ). The efficiency of generating a tissue with a robust axon fascicle was about 50% at day 50 originally ( Figure 2F ). By treating spheroids with the DNA synthesis inhibitor 5-fluoro-2 0 -deoxyuridine (FUDR, 40 mM) for 24 h at day 25, the efficiency of axon fascicle formation increased ( Figure 2F ), suggesting that over-proliferation within spheroids suppresses axon fascicle formation presumably due to congestion at the channel within microdevices. We examined the effect of FUDR treatment by comparing the number of apoptotic cells immunostained with an antibody against cleaved caspase 3 in spheroids with and without FUDR treatment (Figures S1D and S1E). The brief FUDR treatment did not negatively affect the tissue significantly. The success rate was over 80% at day 50 after the optimization, indicating that the formation process of the cerebral tract model tissue is robust and reproducible.
Characterization of a Cerebral Tract Model Tissue
After an axon fascicle was formed, cerebral tract model tissue was retrieved from the culture vessel for various assessments (Figure 3 ). Whole-mount immunostaining of collected tissues revealed that the axon fascicle was immunoreactive with axonal marker Tau-1 antibody, whereas nuclear staining signals were absent in the axon fascicle ( Figure 3A ). In contrast, the spheroid was strongly stained with the nuclear dye Hoechst 33342. Further immunohistological analyses of cryosections revealed that the fascicle was stained with Tau-1 antibody and presynaptic protein synapsin I antibody, but not with nuclear dye or dendritic protein MAP2 antibody ( Figures 3B and 3C ). These data indicate that the fascicle structure formed in the microchannel was made of axons, and not cell bodies or dendrites. The data demonstrated successful organization of the axon fascicle segregated from the spheroids.
To characterize the surface structure of the fascicle, we employed scanning electron microscopic analyses. The surface appeared to be an assembly of axon fibers running in parallel ( Figures 3D and 3E ). To assess the internal structure, we analyzed the cross-sectional morphology of the fascicle at a higher magnification with transmission electron microscopy (TEM) ( Figure 3F ). This revealed that axons were packed within the fascicle. Cross sections of well-organized cytoskeletal fibers, including microtubules, were observed within the axons. The average axon diameter measured from TEM images was 338 nm, and its standard deviation was 162 nm ( Figure 3G ).
Axon Assembly in the Microdevice
We next evaluated axon fascicle assembly in the microdevice. We compared axon fascicles generated from one spheroid with axon fascicles generated between two spheroids ( Figure 4 ). Axon fascicle structure was formed in both cases, suggesting that axons spontaneously extended into the microdevice and formed an axon fascicle without being affected by target cells. Interestingly, we noticed that the axons did not disperse even in the wide neck region in the culture device, when there was a spheroid at both the ends ( Figure 4A ), whereas axons are dispersed immediately after they exit the microchannel when there was no spheroid at the axon terminus ( Figure 4B ). We quantitatively analyzed the dispersion of axons at the entry and exit of microchannels ( Figure 4C ) and verified that axons were dispersed significantly more at the end of fascicle extended from a single spheroid. When a spheroid was placed in a chamber and a glass bead was placed in the other chamber instead of a spheroid, dispersion of axons extended into a chamber with a glass bead was not reduced compared with the axons extended into an empty chamber ( Figure S2 ), suggesting that axons extending in reciprocal directions physically interact to facilitate the formation of a bundle. These data suggest that axons can mutually guide opposing axons to reach their target neurons.
Electrical Connections between Two Spheroids by an Axon Bundle
Next, we assessed the electrophysiological functionality of the neurons in the cerebral tract model tissue using calcium indicator dye ( Figure 5 ). When one spheroid was electrically stimulated, the axon fascicle and the connected distal spheroid responded with calcium surge ( Figure 5A ), indicating that the action potential induced by the stimulation propagated to the axon fascicle and the connected spheroid. When the axon fascicle was cut, calcium surge was detected in the spheroid and connecting axons, but not detected at the distal spheroid and attached axons ( Figure S3 ). Interestingly, we observed delayed response of the distal spheroids compared with the spheroids directly stimulated with electrodes ( Figure 5B ), suggesting that a complex network has been developed within the tissue. These data suggest that axon fascicle conducts electrical activity and macro-scale neural circuits can be formed within cerebral tract model tissues.
Modeling Developmental Cerebral Tract Disorder In Vitro by Knockdown of L1CAM
Cerebral tract formation can be disturbed by various factors (Asami et al., 2013; Fortier et al., 2014; LeyvaDíaz and Ló pez-Bendito, 2013; McColgan et al., 2018; Rose et al., 2000) . L1CAM gene produces L1 cell adhesion molecule that facilitates axons to interact with each other (Siegenthaler et al., 2015; WienckenBarger et al., 2004) . Mutations in L1CAM cause agenesis of corpus callosum (ACC) (Demyanenko et al., 1999; Edwards et al., 2014; Fransen et al., 1995) . To model the developmental defect of cerebral tract formation including ACC, we knocked down L1CAM gene in cells in our model tissue ( Figure 6 ) using a validated RNAi construct ( Figure S4 ). Axons from the L1CAM knockdown cells exhibited significantly lower ratio of axons assembled into a bundle than the control cells ( Figure 6C ). These data suggest that the axon fascicle formation process in our tissue is relevant to cerebral tract formation in vivo and that the tissue can be used to model developmental disease related to cerebral tract. 
DISCUSSION
In this study, we established a method to generate a stem cell-derived tissue that mimics the structure of reciprocally connected cortical regions. We differentiated human iPS into cerebral spheroids and transferred them into our microdevice. The spheroids extended axons into a microchannel where the axons formed a bundle structure. The axon bundle connects the two spheroids, and the resultant tissue contains two spheroids interconnected with an axon fascicle. The axon fascicle can transmit electrical activity from one spheroid to another within the tissue. We observed that axon fascicle formation was significantly promoted when a target spheroid is present.
We provided neurons with spatial instructions using a microdevice to form the tissue modeling cortical connections. Based on our previous study demonstrating that axons of human iPS cell-derived motor neurons can form a robust fascicle when they grow in a narrow and long channel without molecular guidance (Kawada et al., 2017) , we employed the strategy of providing only spatial instructions to generate the cerebral tract model tissue. In the case with motor neurons, axons extended unidirectionally in a microchannel from cells in one chamber and spontaneously formed a nerve-mimicking tissue (also referred as a nerve organoid) without molecular instructions. In this study, we demonstrated that axons of cerebral neurons assemble into a fascicle in a narrow channel, suggesting that the spontaneous assembly of axons is not a neuronal-subtype-specific event, and that multiple cell types share common mechanisms to form the bundle structure.
Two spheroids are connected by an axon fascicle in the generated tissues. We did not observe cell bodies or dendrites in the fascicle, suggesting that the two spheroids are purely connected by axons extended toward each other. The surface and cross section observation of the fascicles revealed that axons were tightly packaged and organized in parallel. The axon diameter histogram displayed a single peak distribution, and the mean diameter was 338 G 162 nm (standard deviation). Within the human brain, cerebral tracts in vivo displayed a similar axonal diameter distribution pattern to our in vitro model tissue, with a larger mean value of 450-820 nm (Liewald et al., 2014) . The difference might be due to the immature state of human iPS cell-induced neurons in the tissue. The cross-sectional image ( Figure 3F ) anatomically resembles unmyelinated immature cerebral tract in a guinea pig (Perge et al., 2012) , a rhesus monkey (LaMantia and Rakic, 1990) , and a mouse (Miyazaki et al., 2014) . Although it is immature and lacks various key steps in cerebral tract development (e.g., myelination, pruning, and midline crossing), our tissue recapitulates axon fasciculation, which is the most fundamental process. The tissue presented in this work can provide a platform to assess the further developmental processes in the future.
Numerous regions are connected with each other through extended axons in a cerebral cortex (Swanson et al., 2017; Zingg et al., 2014) . Reciprocal connections between two regions are frequently observed in the cerebral cortex, but it is unclear how these mutual connections are formed between two appropriate regions within a hemisphere or between hemispheres. In our microdevice, two spheroids of neurons extended axons toward each other and assembled into a fascicle. Notably, the reciprocally extended axons assembled tighter fascicle throughout the span, whereas single spheroid formed an axon fascicle with a dispersed ending. We did not see similar effect by a glass bead, suggesting that interaxonal interaction is required for efficient axon fascicle formation. These observations imply that axons could guide opposing axons to their cell body region, thus naturally facilitating reciprocal connections between two regions. The model tissue can be used to study cerebral tract formation mechanisms by numerous tools, including genetic manipulations and live imaging.
We stimulated one spheroid and observed that the axon fascicle and connected distal spheroid responded with a calcium surge. The distal spheroid did not respond to stimulations when the axon fascicle was cut, indicating that the axon fascicle transduces action potential to the connected spheroid ( Figure S3B ). Strikingly, the calcium signal of the distal spheroid responded slightly slower than the spheroid directly stimulated ( Figure 5B ). This implies that the distal spheroid took extra time to fire action potentials owing to delay of axonal transmissions, or synaptic transmissions. Unmyelinated axons with a small diameter (<1 mm) conduct action potential at 0.3-2 m/s (Waxman and Bennett, 1972) . Given that the axon bundles in our tissue are about 7 mm, they could produce 3.5-to 23-ms axonal delay. In addition, a single synaptic transmission causes a 0.4-to 4-ms delay (Katz and Miledi, 1965) . As the observed delay was larger than those combined, it suggests that slower calcium kinetics or multi-cellular circuit activation in the tissue contributed to the observed delay. In vivo experiments reported that direct response to electrical stimulation displays 10-to 50-ms delay, and secondary response follows with 50-to 500-ms delay at a distal site within the brain (Entz et al., 2014) . As the secondary response is considered to be triggered through complex circuit activation, the in vivo observation supports the idea of complex network activity in our model tissue.
By knocking down the L1CAM gene known to be associated with cerebral tract malformation disease, the tissue was used to model developmental disorders. Consistent with the molecular function of L1CAM protein in axo-axonal interaction, we observed less efficient assembly of axons extended from a spheroid electroporated with L1CAM RNAi construct than control. This demonstrates that our tissue can be used to model developmental disorders and further implies that the axon assembly process is relevant for cerebral tract development in vivo.
The model tissue of cerebral tract connecting two cerebral regions was established in this study, which provided a method to create and evaluate macro-scale neural network between cerebral cortex regions. The model can provide a platform to investigate cerebral tract development, circuit formation, and related diseases. To build a better model that recapitulates brain circuitry, it would be necessary to further develop the model, e.g., by myelination and formation of a complex neural circuit in the future.
Limitations of the Study
We utilized a culture device made with polydimethylsiloxane (PDMS) to provide physical instructions to the cells in our study. PDMS has been widely used for biological studies, because it is biocompatible, inert, and easy to shape by photolithography techniques. Because of the flexibility of design, our model tissue can be modified by changing the dimensions of the culture device to alter the length of axon bundles, and the number of spheroids, which can allow further studies on network properties of the neuronal tissue. A negative side of the PDMS device is that it does not physically expand along with the expansion of the spheroids. Owing to this limitation, we employed brief treatment with FUDR to limit the proliferation of cells in our model tissue, so that the spheroids do not overgrow and fill out the culture device. Usage of FUDR in turn limits the size of the spheroid in our system, and could affect the development of the spheroids in long term. To overcome the limitation of the current method, it will be interesting to make a culture device with materials that can expand as the spheroids grow within the device, ultimately mimicking the development of a skull that expands as a brain grows inside.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. 
Cerebral spheroid generation
Three dimensional spheroids of cerebral neurons were generated according to previously published methods with modifications (Lancaster et al., 2013) . We adapted the protocol of making cerebral organoid to generate neural spheroids accordingly. Human iPS cells were dissociated with TrypLE (Thermo Fisher Scientific), and transferred into low-adhesion U bottom 96-well plate (Sumitomo Bakelite) with Essential 6 medium with ROCK inhibitor Thiazovivin (1 µM, Tocris) and basic fibroblast growth factor (FGF2, 4 ng/mL, Pepro Tech) at a density of 10,000 cells per well.
The medium was partially replaced every other day. 
Microdevice for tissue culture
The culture device was fabricated at Fukoku Bussan, Japan by a standard transfer molding process. Polydimethylsiloxane (PDMS) transferred to a metal mold was heated, and the device was taken out of the mold. Prior to tissue culture, devices were placed on glass slides, disinfected with 70% ethanol and dried for usage.
Inside of culture devices was coated with Matrigel (growth factor reduced, Corning) diluted at 1:50 with DMEM (Sigma Aldrich). The coating solution was replaced by differentiation medium supplemented with 20 ng/mL brain-derived neurotrophic factor (BDNF), and then the spheroids were transferred into the culture device. The day before the transfer, we treated the spheroids with 40μM FUDR for 24 hours unless otherwise stated. A half of the culture medium was replaced with fresh medium every 3 days during the culture in the microdevices. Typically, 20-30 days after spheroids were transferred into the device, an axon fascicle connected two spheroids within the microdevice.
RT-PCR
RNA was isolated with TriPure isolation reagent (Roche), and cDNA was prepared by reverse transcription using SuperScript Ⅳ ( 
Immunostaining and image analyses
Tissues were pre-fixed with 4% paraformaldehyde/PBS and 4% sucrose solution for 15 min. Tissues extracted from the device were fixed with the same solution for 30 min at room temperature, and subsequently subjected to immunostaining directly or cryosectioning followed by immunostaining. After three washes with PBS, the tissue or cryosections were incubated with blocking buffer (1x PBS containing 1% BSA, 5% Goat serum and 0.3% Triton X-100) for 30 min at The bright field and fluorescent images were acquired with an inverted microscope (Olympus IX73) equipped with a CMOS camera (Zyla 4.2, Andor, or SR130M, Wraymer) or an automated inverted microscope (BZ-X800, Keyence).
Axon dispersion index was calculated as following. First, a rectangular region of interest was selected on a bright field image at the connection area between a chamber and a channel.
Next, we run "Find edges" command on ImageJ to highlight axons. Then we generated an intensity distribution profile by "Plot profile" command. To remove background, mean value was subtracted throughout the intensity profile, and negative values were replaced with zero. Lastly, we calculated variance of the profile and used the value as an index for dispersion of axons.
Electron microscopy
For surface structure analyses with scanning electron microscopy (SEM), the tissue was fixed with 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and dehydrated in a graded series of ethanol. After sputter deposition of Pt with JFC-1600 (JEOL), surface images of the tissue were acquired with a scanning electron microscope JCM-6000Plus (JEOL).
For cross-section analyses with TEM, the tissue was fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 2 hours before dehydration. After embedded in epoxy resin, polymerized for 72 hours at 60°C, ultra-thin sections were prepared at 70 nm thickness with ultramicrotome (Leica UC7).
Sections were stained with uranyl acetate and lead citrate for 10 minutes and examined with JEM-1400 Plus (JEOL). Detailed procedure for the TEM analysis was described previously (Shibata et al., 2015) .
Calcium imaging
Calcium indicator dye Fluo-4 AM (CS22, Dojindo) was used as directed by the manufacturer. After extracted from a culture device, the tissue was incubated in loading buffer as recommended by the manufacturer for 30 min. After a wash with PBS, we transferred the tissue into BrainPhys medium (Stem Cell Technologies) supplemented with N2 and B27 supplements (ThermoFisher Scientific). A spheroid on one side within a tissue was located between two tungsten probe needles (SW6-1, Omniphysics Inc) positioned with micromanipulators (U-31CF, Narishige), and we examined alteration of fluorescent intensity triggered by electrical stimulations with an inverted microscope (IX73, Olympus) equipped with a CMOS camera (Zyla 4.2, Andor).
Ten cycles of a positive square pulse for 2 ms, a negative square pulse for 2 ms, and a break for 2 ms at 6 -8 V were applied with a stimulus generator (STG-4002, Multichannel systems) between a ground probe needle and the other probe needle. The experiments were performed at room temperature.
Electroporation of tissue
Neural spheroids cultured for 20 -25 days were subjected to electroporation to visualize neuronal morphologies, especially extension of axons. For labeling with GFP, we electroporated spheroids using tweezer-type electrodes with platinum pads of a diameter of 5 mm (CUY650-P5, Nepa Gene). The electrodes were kept at distance of 2 mm, and the gap was filled with 30μL of DNA solution (total 1μg/μl consisting of 0.2 μg/μl pCAG-GFP (Matsuda and Cepko, 2007) and 0.8 μg/μl pBluescript/U6 plasmid (Gaudilliere et al., 2002) ) in OPTIMEM (ThermoFisher Scientific) together with a spheroid. Three square pulses of electricity of 40V for 50 ms were applied to the spheroid with an electroporator (NEPA21, Nepa Gene). After the electroporation, the spheroid was into pBluescript/U6 as described (Gaudilliere et al., 2002) .
